ABSTRACT: Oxidative modifications can have significant effects on protein structure in solution. Here, the structures and stabilities of oxidized ubiquitin ions electrosprayed from an aqueous solution (pH 2) are studied by ion mobility spectrometry-mass spectrometry (IMS-MS). IMS-MS has proven to be a valuable technique to assess gas phase and in many cases, solution structures. Herein, in vitro oxidation is performed by Fenton chemistry with Fe(II)/hydrogen peroxide. Most molecules in solution remain unmodified, whereas ∼20% of the population belongs to an M+16 Da oxidized species. Ions of low charge states (+7 and +8) show substantial variance in collision cross section distributions between unmodified and oxidized species. Novel and previously reported Gaussian conformers are used to model cross section distributions for +7 and +8 oxidized ubiquitin ions, respectively, in order to correlate variances in observed gas-phase distributions to changes in populations of solution states. Based on Gaussian modeling, oxidized ions of charge state +7 have an A-state conformation which is more populated for oxidized relative to unmodified ions. Oxidized ubiquitin ions of charge state +8 have a distribution of conformers arising from native-state ubiquitin and higher intensities of A-and U-state conformers relative to unmodified ions. This work provides evidence that incorporation of a single oxygen atom to ubiquitin leads to destabilization of the native state in an acidic solution (pH ∼2) and to unfolding of gas-phase compact structures.
■ INTRODUCTION
In biological systems, reactive oxygen species (ROS) are introduced during cellular processes and from exogenous factors such as ultraviolet radiation, environmental toxins, and chemotherapeutics. 1, 2 Elevated levels of oxidative stressan overproduction of ROS and/or a deficiency of antioxidants can result in irreversible modifications to proteins, lipids, carbohydrates, and DNA. 2, 3 Oxidative stress has been heavily implicated in aging and neurodegenerative disorders such as Alzheimers and Parkinson's diseases, especially at the protein level. 4−8 Several studies have shown that protein oxidation can affect structure, stability, and function. 9−14 A better understanding of the effects that oxidation has on protein tertiary structure can provide insight to processes that lead to enzymatic inactivation for proteins implicated in disease pathogenesis. In this work, we explore the effect of oxidation on the structure of ubiquitin using ion mobility spectrometry coupled with mass spectrometry (IMS-MS) with the aim of correlating the observed gas-phase cross section distributions to conformers that exist in solution.
Since the advent of "soft" ionization methods such as electrospray ionization (ESI), 15 a range of MS-based techniques have been applied to elucidate biomolecular structures in the absence of solvent. 16−22 Gas-phase conformations can provide information complementary to solution protein structures and dynamics that are measured by traditional techniques such as circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopies. Gas-phase studies may contribute to fundamental understanding of the roles of intramolecular, solvent−molecule, and solvent−solvent interactions in establishing structures. IMS-MS has proven to be a powerful technique to assess the conformations of proteins. 23, 24 IMS determines the overall shape of molecules by measuring the time ions require to travel through a drift tube which is filled with an inert buffer gas under the influence of a uniform electric field. The ion's drift time depends on its collision cross section (Ω) and charge.
Structural transitions of biomolecules from solution to the gas phase have been extensively investigated and several studies reveal that gas-phase ions retain, to some extent, their solutionstructure elements up to milliseconds after ESI. 25−30 Recently, Clemmer and co-workers have proposed that different solution structures can be distinguished based on variances in the cross sections of their gas-phase conformations, even when gas-phase structures are dissimilar from their solution states due to solvent evaporation. 31, 32 Their work describes a method for determination of the populations of solution states for peptides (i.e., bradykinin 31 ) and small proteins (i.e., ubiquitin 32 ) by measuring IMS distributions generated from various solution conditions.
Ubiquitin is a widely studied protein with a 76 amino acid sequence containing a single methionine residue on the N terminus. 33, 34 Studies of the effects of oxidation on the conformation of ubiquitin have been reported and present conflicting results regarding whether oxidation influences the native-state conformation. 9,10,35−38 It is suggested that ubiquitin is destabilized and expanded at low pH (∼2.4) when methionine is oxidized to methionine sulfoxide based on analyses with gel electrophoresis and CD spectroscopy. 10 In particular, two solution-phase isomers of methionine sulfoxide have lower mobilities on the gel relative to unmodified ubiquitin reflecting changes in solution conformation. Similarly, photochemically oxidized ubiquitin results in conformational changes from the native state upon monoxidation (and additional oxidations) measured by CD. 35 On the other hand, γ-induced oxidation of ubiquitin does not lead to any protein unfolding of the native state as also measured by CD. 36 A recent IMS-MS investigation of radical-induced electrical oxidation of ubiquitin has measured similar collision cross sections for monooxidized and unmodified ubiquitin ions of charge states +5 and +6, which are formed upon electrospraying a 2.5−5 μM solution in a 10 mM ammonium acetate buffer. 38 The observed structures for monooxidized and unmodified ions were compact in conformation for +5 ions. 38 The distributions for ions of charge state +5 were identical for monooxidized and unmodified ions based on a single compact conformer, whereas ions of charge state +6 favored the more compact structure of two observed conformers for monooxidized species. Those IMS-MS experiments were performed on a traveling-wave IMS-MS instrument and reported no significant change to ubiquitin structures due to oxidation. 38 The work presented here seeks to provide further insight and clarification to the effects of oxidation on ubiquitin conformers.
The native structure of ubiquitin consists of a five-stranded β-sheet and α and 3 10 helices. 39 Native-state (N) ubiquitin is favored in aqueous solution across the pH range ∼1.2 to 8.4 based on NMR data. 40 At low pH (∼2) in a 40:60 water:methanol solution, a partially folded state (A) of ubiquitin emerges and is stabilized. 41, 42 The N-terminal portion of the A state retains native-like secondary structural features, whereas, the C-terminal half has a more extended and helical structure. 41−46 There is other evidence which supports the A state as folding intermediates of ubiquitin. 45,47−49 When the methanol content increases or in the presence of denaturants, an unfolded state (U) is present. 50, 51 In the absence of solvent, ubiquitin ions have three types of gas-phase IMS structures: compact states (Ω < 1120 Å 2 ), partially folded states (1120 < Ω < 1500 Å 2 ), and elongated states (Ω > 1500 Å 2 ). 52 The distribution of these states can be heavily influenced by the initial solution conditions prior to ESI. 32, 53 In the current study, we examine the effects of protein oxidation on gas-phase conformers of mobility-separated ubiquitin N, A, and U states. Fenton chemistry [i.e., Fe(II)/ hydrogen peroxide (H 2 O 2 )] is used to oxidize ubiquitin in solution and generates an M+16 Da species which corresponds primarily to methionine oxidation to methionine sulfoxide. We note that other M+16 Da positional isomers, in substantially lower concentrations, have been reported under these and other oxidizing conditions. 35, 37, 54 These studies examine the IMS-MS Measurements. IMS theory and methods have been discussed in detail elsewhere, 23,24,55−60 and only a brief description is provided here. Ubiquitin ions were produced upon electrospraying aqueous solutions containing 0.5 mg·mL −1 in vitro oxidized ubiquitin with a TriVersa NanoMate autosampler (Advion, Ithaca, NY) unless otherwise noted. Solutions were prepared by adding formic acid to the desired pH value. Electrosprayed ions were introduced into a capillary tube and accumulated in an hourglass ion funnel. 61 Packets of ions (150 μs wide) were pulsed periodically into a drift tube (∼183 cm in length) which was filled with ∼3.0 Torr helium buffer gas (300 K). A uniform electric field (∼10 V·cm −1 ) was applied to the drift tube, and ions were separated according to differences in their overall size and charge state. Upon exiting the drift tube, ions were extracted into a differential pumping region and focused into a time-of-flight (TOF) mass spectrometer for flight time detection. As described previously, drift times (t D ) and flight times were collected in a single experimental sequence termed as a nested fashion. 62 Flight times were converted to m/z values using a multipoint calibration.
Collision Cross Section Calculations. Experimental drift times were converted into cross sections according to eq 1. 56 The Journal of Physical Chemistry B 
Here Ω is the ion cross section, ze is the ion's charge, and k b refers to Boltzmann's constant. Variables m I and m B are the mass of the ion and buffer gas (helium), respectively, and t D , E, and L correspond to the ion's drift time, the applied electric field, and drift length, respectively. P and T correspond to buffer gas pressure and temperature, respectively, and N is the neutral number density of the buffer gas at STP. The total drift time is calibrated by using the resident time in the first drift region that does not contain nonlinear fields introduced by ion funnels. ions generated from different water−methanol solutions have been described previously. 32 Briefly, the Gaussian function is described as in eq 2
where I represents the distribution intensity at a given cross section Ω and A is the population of the represented conformer type. Ω 0 and σ correspond to the center and the width of the distribution of structures within each conformation type, respectively. Similar analysis was applied to the cross section distributions of [M+7H] 7+ ions. The distributions were modeled by the Peak Analyzer tool of the OriginPro 8.5.0 software (OriginLab Corporation, Northampton, MA). Peak centers and widths were fixed (based on iterative modeling) and peak heights were varied for modeling different distributions. 32 The chosen peak widths and number of Gaussian peaks can also be correlated with distributions (Figure 1b) show similar charge state distributions for electrosprayed protein ions, whereby the +5 to +13 ions are observed. These charge states are typical for the denaturing solvent conditions employed. 52, 53 The spectrum of unmodified ubiquitin only shows a single isotopic distribution (inset of Figure 1a ). The presence of oxidized peaks is shown in Figure  1b , whereby both unmodified and oxidized species occur simultaneously. The oxidized species is shifted in mass by a single oxygen atom as demonstrated for the +10 charge state ion (Figure 1b, inset) . The relative intensities of these species in a deconvoluted spectrum (not shown) also shows that ∼20% of ubiquitin molecules were oxidized. Higher levels of M+n16 (n > 1) Da ubiquitin relative to unmodified species have been shown with other oxidizing methods. 35−38 Collision induced dissociation (CID) of intact unmodified and oxidized ubiquitin protein was performed in order to locate the modification site that incorporated the single oxygen atom. Detailed interpretation of the MS/MS spectra obtained upon isolation and CID of the +10 charge state ions locates the oxidation site to methionine. Figures 2a and 2b show many band y-type fragment ions that are detected for the unmodified and oxidized species, respectively. In the unmodified only sample, b-type ions at m/z 260.1048 and 373.1882 are assigned as b 2 and b 3 ions consistent with expected fragment ions for ubiquitin. The b 2 and b 3 ions in the oxidized species are shifted in mass by a single oxygen atom (i.e., m/z 276.1001 and 389.1836, respectively), which supports the predominance of an oxidized Met1. We and others report evidence for several M +16 Da positional isomers generated for oxidized ubiquitin; 35, 37, 54 however, the most dominant isomer is the species containing methionine sulfoxide.
Overview of IMS-MS Distributions for Unmodified and Oxidized Ubiquitin Ions. The Fe(II)/H 2 O 2 oxidized ubiquitin solution contains both unmodified and oxidized species and is used for IMS-MS investigations. The unmodified ions in this solution serve as an internal control thereby allowing any artificial effects that may occur from the sample preparation and handling process to be accounted. Figure 3a displays a nested two-dimensional (2D) IMS-MS dot plot of the observed features for the oxidized ubiquitin sample electrosprayed from a low pH (∼2) solution. It is noted that higher m/z ions (M+98 Da) are also observed and correspond to ubiquitin with noncovalently bound phosphate ions. 64 As observed in the figure, ions of charge state +7 are dominated by compact structures. The distribution of ions for charge state +8 is comprised of a peak of compact structures, a broad distribution of partially unfolded structures, and two peaks corresponding to elongated structures. For ions of charge states +9 to +11, the distributions display both partially unfolded as well as elongated structures and charge states +12 and +13 are mainly elongated structures. The distributions reported here have some differences (i.e., shifts in positions of peak centers and abundance for different conformers) from previous reports 65 of ubiquitin electrosprayed from denaturing conditions (i.e., a 49:49:2 water/acetonitrile/acetic acid solution). Comparisons of IMS profiles for oxidized and unmodified ubiquitin ions show that there is no significant variance in distributions for ions of high charge states (+9 to +13, data not shown). However, gas-phase distributions of low charge state ions (+7 and +8) of oxidized ubiquitin differ from those observed for unmodified species. Thus, we focus our discussion to distributions for charge states +7 and +8 below. The zoomed 2D IMS-MS dot plots and normalized drift time distributions for +7 and +8 unmodified and oxidized ubiquitin ions are shown in Figures 3b and 3c 8+ ions; however differences in abundances of various conformer types are apparent after Gaussian modeling (discussed below). Figure 4 shows the effects of different solution pH on the collision cross sections for +7 and +8 unmodified and oxidized ions. For the +7 distribution the most intense feature is a single compact peak in which the unmodified and oxidized ions overlap at pH 3. ion. Furthermore, it appears that there is more intensity at higher collision cross sections where the distribution is broad. In order to better understand the differences between unmodified and oxidized distributions, Gaussian modeling was employed. Because the distributions have the greatest differences between oxidized and unmodified ubiquitin at solution pH 2, we have chosen this solution condition for the analysis presented below. Modeling IMS Profiles with Gaussian Distributions. Gaussian functions have been used to represent gas-phase conformations across the total cross section distribution of ubiquitin [M+8H] 8+ ions generated from a range (100:0 to 5:95) of water−methanol ESI solutions. 32 Gaussian conformers have been assigned to specific solution states (N, A, or U) according to their population profiles as a function of solvent conditions. In order to obtain insight to population changes of solution states, similar Gaussian modeling was applied to these data. Table 1 lists employed Gaussian conformers, 32 whereby ten and eleven functions are used to model +7 and +8 distributions, respectively. The functions established to model +7 charge state ions are presented for the first time in these studies. . Additional studies that examine Gaussian conformers across several water−methanol solution conditions (data not shown) support the notion that the observed peaks, with the exception of the Ω = 1060 ± 32 Å 2 peak, originate from the N state. This assessment is based on the peak populations decreasing with higher amounts of methanol in the ESI solvent. The Ω = 1060 ± 32 Å 2 peak originates from the A state based on the following observations: (1) it does not exist in aqueous solution, (2) it begins to appear in an 80:20 water−methanol solution, and (3) it maintains a constant relative intensity as the percentage of methanol is ≥30%. Gaussian distributions of [M+8H] 8+ ions have been discussed previously. 32 Overall, the application of Gaussian modeling to the unmodified +7 and +8 ions, allows us to assign N, A, and U states to IMS distributions for comparison to oxidized ions.
Gas-Phase Conformers and Solution States of Unmodified and Oxidized Ubiquitin. Figure 6 compares collision cross section distributions for unmodified and oxidized ubiquitin ions of charge states +7 and +8. The employed Gaussian distributions are also displayed in Figure 6 (Table 1 ). This value is significantly higher than that for [M+7H] 7+ which is 1.7%. It is possible that this A-state distribution is generated from other partially folded or extended structures which have similar cross sections as the A-state gasphase conformer. On the other hand, this Gaussian conformer may originate from solution folding intermediates (e.g., unfolded to native) of oxidized ubiquitin, which are captured Table 1 . Gaussian Function Peak Centers (Ω 0 ), Standard Deviations (σ), and Relative Intensities (I) for Conformers of +7 and +8 Unmodified (M) and Oxidized (M+O) Ions 32 We speculate that residual oxidizing reagents (i.e., Fe(II)/H 2 O 2 ) from the sample preparation process could promote the unfolding of ubiquitin in the solution or during ESI thus leading to differences in the abundances of populations in this work to previous studies. 8+ ions is the Ω = 1020 ± 6 Å 2 peak, which corresponds to a gas-phase conformer produced from the N state. The relative abundance of the Ω = 1020 ± 6 Å 2 peak for oxidized ubiquitin ions is substantially lower (0.3%) compared to that for the unmodified species (3.3%). Table 1 8+ ions. It is worthwhile to consider the origination of multiple N-state conformers in the gas phase. One interpretation is that various native forms of ubiquitin presented in solution as observed by NMR 66 produce multiple gas-phase conformers as slight differences in the solution structures might be amplified upon desolvation. 32 Another interpretation is that the ESI process perturbs the solution states and leads to a wide range of partially unfolded structures. 32 With the second interpretation, because the Nstate conformers with the largest cross section of the total Nstate population (see Table 1 ) are higher in abundance for oxidized +7 and +8 ions, it appears that an oxygen atom promotes gas-phase unfolding of native ubiquitin. N-state Gaussian conformers for [M+O+8H] 8+ ions are overall less populated (65%) than that of [M+8H] 8+ ions (70%), suggesting that methionine oxidation also leads to destabilization of solution native-state ubiquitin. This is also supported by the detection of more abundant A-and U-state conformers for oxidized ubiquitin ions. Furthermore, Aye et al. conclude that monooxidized ubiquitin species result in a distribution of partially folded and unfolded conformers that expose buried residues increasing susceptibility to further M+n16 Da oxidations. 35 Results from their solution-phase studies are consistent with our gas-phase observations of solution conformers.
The acidity of the ESI solution, as well as organic content (i.e., methanol and acetonitrile) can greatly influence the observed solution 10 and gas-phase conformers. Solution studies show that the oxidation of methionine to methionine sulfoxide leads to destabilization and expansion of the structure at low pH ∼2.4.
10 Our results in the gas phase are consistent with those studies. Whereas solution studies observe two sulfoxide isomers that are mobility-separated on an electrophoretic gel, 10 our studies provide evidence for many conformers of the methionine sulfoxide species that are mobility-separated in a drift tube. We note that although methionine is the predominant monooxidized species, other lower concentration M+16 Da isomers exist 54 and may also contribute to the broad range of A-state structures observed. The acid present in low pH conditions of the ESI solvent may influence protein structure by binding to the protein in a noncovalent fashion 10 or through affecting the stability of hydrogen bonding interactions. The crystal structure of ubiquitin describes the sulfur atom in methionine as participating in hydrogen bonding with the proton in the NH group of Lys63. 39 We hypothesize that this hydrogen bond contributes to the stabilization of the interactions between ubiquitin β-strands 1 and 5. When methionine is oxidized to methionine sulfoxide, the weakening of this hydrogen bond leads to destabilization of the interactions between β-strands 1 and 5 and contributes to unfolding of protein tertiary structure. The presence of multiple partially folded gas-phase intermediates of the +8 charge state ions implies that a range of structures may be captured in solution or present after the ESI process. Additionally, the broad distribution of +8 A and U states implies significant unfolding of oxidized ubiquitin.
■ CONCLUSIONS
IMS-MS analysis has been applied to the structural characterization of Fe(II)/H 2 O 2 oxidized ubiquitin in the gas phase. These oxidative conditions lead to a low abundant (∼20%) M +16 Da species, consisting of methionine sulfoxide at the Nterminal single methionine residue. Collision cross section distributions of oxidized ubiquitin ions electrosprayed from aqueous solutions of pH from 2.0 to 3.5 have been reported. Compared to unmodified ubiquitin ions from the solution of pH 2.0, oxidized ions of charge states +7 and +8 generate distributions of relatively lower intensity for conformations that arise from the solution N state. On the basis of these IMS-MS analyses, methionine oxidation reduces the stability of nativestate ubiquitin in acidic solution conditions. Moreover, N-state conformers of larger cross sections are more populated for oxidized ions relative to unmodified ions which implies that the activation energy required to produce more extended gas-phase states from the native structure is decreased for oxidized ubiquitin. These studies demonstrate that under acidic solution conditions (pH ∼2) the incorporation of a single oxygen atom destabilizes the native structure and facilitates ubiquitin unfolding in the gas phase. Observation of these effects was possible due to the high-resolution obtainable in the mobility separation using a traditional IMS drift tube instrument and the ability to detect low abundance oxidatively modified ions. IMS-MS is a useful technique for gaining insight to the effects of oxidation on protein gas-phase structure and subsequently solution states. 
